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Abstract: Small telecommunications rooms (TR) were constructed by a company as a 
part of a new building. Once the company began to operate, thermal problems appeared 
in the TR, due to some original design errors. 

To assess the cooling problem in a first approximation, analysis was done using a 
mathematical model with two-compartments. This model is summarized in the present 
work. It was constructed considering the characteristics of these TR, their equipment, and 
their external environment. 

From the information afforded by the model, the feasibility of a passive cooling solution is 
discussed. Due to its passive nature, under normal conditions, its operation depends on 
physical laws without implying the use of dedicated power demanding cooling devices, 
improving energy efficiency and in this case lowering costs. 

Posterior refinements of this first approach should be based on computer thermo-fluid 
dynamics modeling and experimental validation in the field. 
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Introduction 

Several small telecommunications rooms (TR) were constructed by a company as a part 
of one of its new buildings. 

Each TR (one per floor) contained switches with power over Ethernet (PoE) as the main 
heat sources. Other heat sources were an environmental monitoring system, smoke 
sensor, IP video camera and an access control system. There was no fire extinction 
system inside the TR. The expected heat generation is between 1,05 and 1,23kW. 

The TR were constructed inside each building floor as a 5-sided room (walls and roof). 
The walls and the roof were built using a combination of two fire resistant gypsum plaster 
panels with fiber glass thermal isolation between them. The approximate internal 
dimensions of the TR are 1,50m wide, 2,00m depth and 2,30m height. 

The external environment (ER) (office floor) is big enough and is thermally conditioned so 
that it can be considered, under normal conditions, a constant temperature heat sink 
(conditioned and filtered air between 22 and 24 °C). 

The TR had a 2m height access door at its front, with two rectangular openings (at 0,25 
and 1,75m above the floor). These openings were done by the contractor for ventilation 
purposes. The equipment was located opposite to the door, at the bottom of the room, 
installed in a 42 units two post open frame, as can be seen in Fig.1. 
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Fig.1: Simplified sketch of TR room before and after the proposed passive cooling solution. 


No cooling system was installed by the contractor inside the room. Once the company 


initiated its operations in the new offices, temperature sensors of the environmental 
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monitoring system, located near the fresh air entrance of the equipment, detected 
temperatures above 32 °C. 

Therefore, a solution to the problem was required. The company required a solution with 
minimal modifications of the already constructed TR rooms. Several restrictions such as 
operation noise, cost, etc., should be taken into due account. Other important restrictions 
were imposed by the building owner and administrator (the building is shared by different 
companies). Suitable available area for the installation of direct expansion (DX) air 
conditioning condensers was too far from TRs and no derivation of fresh air to the TR 
from building air conditioning ducts installed inside a false ceiling could be done. Water 
based cooling systems cannot be used. 

Considering the restrictions and the characteristics of the environment external to the TR, 
a simple first-approach two-compartment thermal mathematical model was constructed to 
assess the feasibility of a passive cooling solution. The model introduces the possibility of 
modifications in the location of the equipment inside the room (distribution, height and 
two-post frame position) and the addition of a suitable dimensioned vertical hot air outlet 
duct ("chimney") in the roof of the TR as well as a modification of the fresh air inlet as can 
be seen in the right side of Fig.1. 

An esthetic finishing can be done to partially hide the outlet duct from the sight without 
undue impairing the passive cooling process. Anyway, an emergency automatically 
operated (by a control system) active cooling system should be added to assure 
adequate temperature inside the TR in case of an abnormal ER temperature rise. This 
can be done with a small split DX air conditioning unit with its condenser installed behind 
the esthetic finishing. Noise is acceptable in this emergency. 

In the remaining of this work, we summarize a simple two-compartmental mathematical 
model constructed to assess, in a first approach, alternative solutions for the cooling 
problem. Posterior refinements can be obtained using thermo-fluid dynamics modeling 


using finite element computing codes. 


Description of the model 
Our system is the mentioned TR room. From the standpoint of a compartmental model 


[1][2][3] it is natural to distinguish two compartments: an equipment compartment (E-) 


and an air compartment (A-) as shown in Fig. 2 
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Fig. 2: Sketch of the compartments A; and E; and model parameters for first approach thermal 


analysis. 


The compartment E, has a representative temperature T, , heat capacity C,, produces a 
heat flux Q(t), and delivers a heat flux Q,,(t) to the compartment Ac, by a forced 
convection flow F,(t) of air with specific heat c. 

The compartment A; has representative temperature 7, and heat capacity C, 

We assume that a natural convective flow EF. of air introduces fresh air with a fixed 
temperature T, at the coolant inlet and exits hot air with a temperature T, at coolant outlet 
(at the end of the chimney). 

We approximate T, by =(T +T>) and Q,,(t) by c:F,(t)-(T.—T,) as is usual in this 
level of modeling [2][4]. Furthermore, we make a conservative assumption, neglecting 
heat transfer through the walls and door of the room. This is a first approximation 
assumption substantiated in the fact that the room was constructed using thermo- 
isolating materials. 


Considering all these assumptions we obtain two heat balance equations: 
d . . 
Ce ° ale = Q(t) — Qer(t) (1) 


C,2T, = Qer(t) — 2+ ¢* B(T,) + (Fp - M1) (2) 


In equation (2) the difference c - F.(T,.-) - (T2 — T,) between the thermal energy that exits 
from the system per unit time, carried by the outlet air flow, and the thermal energy that 
enters to the system per unit time, carried by the inlet air flow, appears written as 2-c- 


F.(T,) « (T; —T,) because at this level of approximation T, — T, ~ 2 (T, —T,) 
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A third equation gives the natural circulation flow as a function of 7, , a geometrical factor 
H(h,b,l), a global friction loss factor ks , the coefficient @ of volumetric thermal 


expansion of air and the acceleration g due to gravity: 


FD) = [Bg 28 G-—T) (3) 
In equation (3), by definition: H(h,b) =h-2-b-l (4) 


In definition (4), h is the vertical distance between the fresh air inlet and the air outlet 
(output of the chimney that connect the room with its environment), b is the vertical 
distance between the air inlet to the room and the geometric center of the equipment, and 
lL is an equivalent vertical height of the equipment array (Fig. 2). 

Equation (3) is a suitably modified version of a classical equation that allows an 
estimation of coolant flow by natural circulation. It can be derived from a simple thermal- 
fluid-dynamic circuit: four nodes connected consecutively by four branches. The state of 
each node is given by three variables: hydrostatic pressure, gas density, and gas 
temperature. The pressure drop across each branch is equaled to the sum of a gravity 
drop and a friction loss drop. Fluid acceleration and non-thermal density variations are 
neglected. The densities relate to the corresponding temperatures by the thermal 
expansion coefficient. Then, the temperatures relate to the heat flux, the passive coolant 
flow and gas specific heat as shown in [5]. 

Taking into account the equation Q,,(t) ~ c: F(t): (T. —T,-) , introducing the deviations 
AT, =T,—T, and AT, =T,—T, of the compartmental temperatures relative to the 
environmental temperature T, (fixed), from equations (1), (2) and (8) it follows: 

c*Fe(t) 


“AT. = Q(t) -“ - (ar, - AT,) (5 a) 


d “Fo(t) 2c H(h,b,L) 7 
“aT, = 22. (ar, — aT.) -— 2+ peg AP? . ans (5 b) 


Thus, the evolution of the compartmental state variables AT, and AT, is given by a 
nonlinear and non-autonomous system of coupled ordinary differential equations: 

d d 

a Ale = FAG AT AT) (6 a) Alt = f-(t, ATo, AT,-) (6 b) 
In principle the system is non-autonomous due to a possibly time varying forced coolant 


flow F,(t) through the compartment E¢. It is always nonlinear due to the relation between 


the passive convection flow and AT,. : F.(AT;,) = [B-g AT. 


Pan American Congress of Engineering 2013 


Discussion 


Relaxation times of compartment temperatures T, and T,. to their steady state values, 

after a mild initial perturbation, can be estimated by t= ra and tT, = ra 
dt dt 

respectively. Here SAT, and SAT, represent the present values of the perturbation. 


If only one state variable is perturbed, while the other remains fixed at its steady state, 


. . . 1 C 1 C. 1 
the relaxation times are givenby: t. =p =— ty =a ( ) (<x) 


If the time scale of a significant time variation of Q(t) is at least an order of magnitude 
higher than one of these relaxation times, quasi steady state conditions apply to the 
corresponding equation. 

From (5 a) and (5 b) it follows for quasi steady state conditions applied to both equations: 


Q(t) = 2-c-VB-g (HR, BD/kg} (T(t) - 71)? (6) 
T,(t) ~ T(t) + {Q@/(c:RW)} (7) 
The forced flow F,(t) through the compartment E-; results from the combined operation of 
all the internal fans (of one or more active devices that compose compartment E,), which 
are controlled by automatic internal control systems (of each active device). 
In this level of modeling all these devices are lumped in one compartment with a single 
representative temperature T,(t) that must be maintained below a certain threshold value 
(Torn) including a safety coefficient. 
From (7) we see that, for a given quotient Q(t)/F,(t), T,(t) must decrease to decrease 
T(t). This may be obtained increasing the geometric factor H(h, b,l) and/or decreasing 
the global loss factor ks. 
From (4) it follows that H increases when h increases and both b and | decrease. In 
general, | remains constant, so it is only feasible to try to increase h and decrease b, 
taking care of not increasing the loss factor to a magnitude capable to neutralize the 
effect due to the increase in H. 
For example, we begin with hy = 2.05m,l=1.2m and bo = 0.4m. These parameters 
are representative of an initial situation before equipment redistribution and chimney 
addition. From equation (4) it follows that Hy = 0.05 m. 
Now, we fix hy = 2.05 m,l = 1.2 m and redistribute the equipment in the TR, decreasing 
the vertical distance between the coolant inlet to the TR and the coolant inlet to the 
equipments, so that b = 0.1 m. We obtain H = 0.65. Adding a 1 m chimney and leaving 
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the remaining lengths fixed (after equipment redistribution), gives H = 1.65 . This is 
indeed a significant increment, relative to the initial value H, = 0.05 m. 

Maximizing {#(h, b,1)/ks}, from (6) it follows that for a given Q, T, can be minimized. 
Then it is possible to maintain T, = Tern with a minimum forced flow F, reducing energy 
consumption and internal fan wear. 

The loss factor ks is a function of several parameters: the room size and shape, the 
positions and sizes of coolant inlet and outlet, distribution of the equipment inside the 
room, possible flow restrictions outside the room, etc.[6][7]. Some parameters may be 
easily changed and others may not (for example, a significant redistribution of equipment 
may not be possible in practice). 


Fixing all the other parameters apart from the geometrical parameter H , from (6) we 


derive the following relation: ao ‘2 (8) 


Tro-T1 
As an example, in this formula we put Hy = 0.05 m (corresponding to hp = 2.05m, b= 
0.4mandl=1.2m) and H =h-—1.3 (that corresponds to b=0.1m and 1=1.2m). 


Tr -T- 
Then —— 
Tro-T1 


as a function of the chimney length h — hy is shown in Fig. 3. 
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Fig. 3: an as function of chimney length. It involves a previous equipment redistribution. 
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Several chimney lengths (from 0 to 1,3m) were considered in the simulations. Longer 


chimneys reported better cooling performance in steady state, quantified in Fig. 3. 
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Transient analysis must be done to study the temperature behavior when the TR starts its 
operation or when a significant and sudden increase in heat flux (associated with a 
variation in processing load) is produced, from a previous steady state. Figure 4 shows 
the results of a digital simulation of the temperature rise in the equipment compartment 
and in the air compartment (air inside the room) when a step in the heat flux is produced 
at the time origin. 
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Fig. 4: Temperature transients in each compartment of the TR. State variable X represents AT, 


and state variable Y represents AT,. Time is the non-dimensional variable “ . Left: heat 


Te 


generation 1,05kW. Right: heat generation: 3,00kW. 


At times less than zero, the temperature outside (24 °C , which is the upper bound for T,) 
is equal to the temperature inside the TR . Heat generating equipment are off. At time 
zero, equipment is suddenly turned on. Under these circumstances, and with the selected 
parameter values, 7, rises 3°C over 7,, and T, rises 6°C over T, approximately. 
Experimentally, as expected, a temperature distribution is found inside the TR, with lower 
temperatures in the region near the door inlet and near to the floor lever. Higher 
temperatures can be found behind the equipment mounted in the two post-frame and in 
the region of the outlet of the chimney. 


Conclusions 

This level of modeling can be applied to assess, in a first approximation, alternatives of 
passive cooling in many other cases of practical interest. It is important to stress that T, 
and T,. are representative temperatures that can be considered as averages over each 


compartment. 


Pan American Congress of Engineering 2013 


T, is a Critical variable because it represents the temperature of the refrigerating air at the 
cool air entrance (intake) of the equipments (compartment E.). So, for passive cooling 
solutions, upper bounds of 7; must be assured under different possible operational and 
environmental conditions. 

Digital simulation results obtained from this model suggests that passive cooling could be 
feasible. 

Posterior refinements can be obtained by thermo-fluid dynamics modeling using finite 
element computing codes for each concrete case as well as experimental validation at 
the field. Additional passive elements like custom made air management panels can be 
used to improve air pathways and help convection process. 

Further improvements in the model may include psychrometric characteristics of air in 
order to evaluate the effect of a malfunction in ER %RH control. Psychrometric chart 
envelopes defined by ASHRAE TC9.9, 2011 should be considered. 

Due to its nature, under normal conditions, passive convective cooling depends on 
physical laws without implying the use of dedicated power demanding cooling devices. 
This allows a reduction in energy consumption, improving energy efficiency and lowering 
costs. 

Newer electronic telecommunications equipment is already designed, and future ones will 
be designed, to have an extended environmental temperature operational range [8]. This 
would allow implement greener passive cooling solutions more often, combined with 
suitable active cooling systems. 

Active systems would operate when the environmental conditions do not allow the safe 
operation in the passive cooling mode (PCM), in case of emergencies or in an alternated 
operation fashion. Suitable automated switching between PCM and active cooling mode 
(ACM) requires an adequate knowledge (model) of the whole system (room, equipment, 
PCM and ACM systems, etc.). Real time monitoring, automatic decision making and 
execution can be done with an automated infrastructure management and control 
system. 

This increases the importance of modeling and digital simulation in the design and 
decision-making processes related with IT environments (such as datacenters) and other 


critical mission environments. 
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